Introduction
Homeodomain containing Hox gene products are best known for their role in embryogenesis where they regulate pattern formation (Krumlauf, 1994) . Several studies have suggested that Hox proteins are also required for proper function of postembryonic (adult) tissues. For example, mammary glands in mice lacking three members of the 9th Hox paralog (A9, B9, D9) appear normal before pregnancy, but remain hypoplastic during pregnancy and post-partum, and fail to produce milk (Chen and Capecchi, 1999) . In adult tissues, Hox gene expression appears to be restricted to stem or progenitor cells of highly proliferative tissues such as skin (Stelnicki et al., 1998) and hemopoietic cells (Sauvageau et al., 1994) , and their absence results in a signi®cant decrease in proliferation . Additional link between Hox genes and cellular proliferation was presented by studies which showed orchestrated activation of Hox gene expression upon activation of T cells (CareÂ et al., 1994) and NK cells (Quaranta et al., 1996) . In accordance with the role for Hox in regulating proliferation, overexpression of several Hox genes in marrow cells resulted in enhanced proliferation of myeloid (Sauvageau et al., 1995) and lymphoid progenitors , and recent studies have shown direct involvement of Hox genes in human leukemias (Borrow et al., 1996; Nakamura et al., 1996) .
Although Hox genes have been linked to regulation of proliferation (and thus transformation), the molecular mechanisms required for the proliferative function of Hox proteins have not been identi®ed. We have recently shown that high levels of Hoxb3 or Hoxb4 increased serum responsiveness and enhanced the proliferation rates of Rat-1 cells, and that this eect depended on the presence of Pbx , another homeodomain-containing protein previously shown to cooperatively bind DNA with Hox proteins (Mann and Chan, 1996) .
In the present study we exploit the Hox ± Rat-1 model to investigate some of the molecular mechanisms that enable the proliferative function of Hox proteins. Our results show that AP-1 members Jun-B and Fra-1 are key mediators of the proliferative activity induced by Hoxb4. In addition, our results indicate that Hoxb4-transduced cells accumulate higher levels of cyclin D1 likely resulting from enhanced AP-1 activity observed in these cells and thus explaining G 1 shortening induced by Hoxb4. These observations link a Hox gene product to the basic cell cycle regulatory machinery, and thus provide the ®rst tentative model for the molecular pathways involved in the proliferative changes that characterize cells which express high levels of Hoxb4 (and possibly other Hox proteins).
Results

Overexpression of Hoxb4 results in changes in AP-1 expression and DNA binding activity
Polyclonal populations of Rat-1 cells engineered to overexpress Hoxb4 (Figure 1 ), hereafter called Hoxb4 cells, proliferate signi®cantly faster and require lower serum supplements than control Rat-1 cells . As AP-1 complex couples mitogenic signals to activation of cell cycle regulating machinery (Albanese et al., 1995; Herber et al., 1994; Kovary and Bravo, 1991; Lallemand et al., 1997) , we ®rst examined changes in AP-1 protein expression during serum induced G 0 ?G 1 transition of control Rat-1 and Hoxb4 cells (Figure 2 ).
Hoxb4 cells responded to serum with accumulation of Jun-B within 0.5 h of stimulation compared to 1.5 h determined for control Rat-1 cells, and accumulated higher levels of this transactivator than Rat-1 cells (see t=4 h, Figure 2a ). Constitutively high levels of Fra-1 were detected in quiescent Hoxb4 cells. In response to serum, Fra-1 levels further increased within 30 min, whereas in control cells this protein accumulated only after 3 h of stimulation. There was no major dierence in the kinetics of c-Jun and c-Fos accumulation in Rat-1 and Hoxb4 cells. The total detectable levels of these two AP-1 members were, however, higher in control Rat-1 than in Hoxb4 cells, suggesting that preferential upregulation of Jun-B and Fra-1 in Hoxb4 cells was associated with a relative decrease in c-Jun and c-Fos protein levels. Jun-D levels were similar in both cell populations (Figure 2a) .
To ensure that the observed changes in AP-1 expression were due to high levels of Hoxb4, and not to secondary genetic events occurring during selection and maintenance of the transduced cells, Rat-1 cells were engineered to over-express Hoxb4 using recombinant VSV pseudotyped retroviruses, which enabled 85 ± 100% transduction of the target cell populations within 2 days of viral infection (Figure 1b, Hoxb4 VSV ). Hoxb4
VSV cells constitutively expressed high levels of Jun-B and Fra-1 (Figure 2b , lane 3), and responded to serum with signi®cantly lower levels of c-Fos accumulation than control Rat-1 cells (Figure 2b , compare lanes 2 and 4). There was, however, no major dierence between the levels of Jun-B, Fra-1 and c-Fos accumulation in control Rat-1 cells (lanes 1 and 2), and those determined for cells over-expressing a mutant Hoxb4 (lanes 5 and 6), in which N 51 A substitution in the helix three of the homeodomain (Hoxb4(N 51 A)) disrupts the Hox/DNA interactions, and abolishes the proliferative and transforming function of Hoxb4 . Hoxa9 and Hoxb3-transduced cells were, in contrast, characterized by an increase in serum-inducible Jun-B and Fra-1, and a decrease in c-Fos levels compared to controls, and were thus comparable in their AP-1 expression to Hoxb4 cells (data not shown). High levels of Jun-B and Fra-1 were routinely detected in exponentially growing Hoxb4 and Hoxb4 plus Pbx1 cells, but not in control Rat-1 or Pbx1 cells ( Figure  2c ). As there was no major dierence in Jun-B and Fra-1 levels in Hoxb4 and Hoxb4 plus Pbx1 cells, or control Rat-1 and Pbx1 cells, cells over-expressing Hoxb4 plus Pbx1 or Pbx1 alone were not further analysed.
To determine whether the Hoxb4-induced changes in AP-1 protein levels correlated with qualitative and/or quantitative changes in AP-1 mediated DNA binding activity, electromobility shift assays (EMSA) were performed. The results presented in Figure 3a (exponentially growing cells) and Figure 3b (serumstimulated cells) indicated that Hoxb4 overexpression resulted in 2 ± 3-fold increase in total AP-1 binding compared to Rat-1 cells (Figure 3a Jun-B and Fra-1 are mediators of the proliferative effects induced by Hoxb4
To determine whether Jun-B and Fra-1 are involved in the proliferative activity mediated by Hoxb4, the levels of these two proteins in Hoxb4 and control Rat-1 cells were experimentally reduced (Figure 4 ) or increased ( Figure 5 , next section).
Polyclonal populations of control or Hoxb4 cells engineered to express a/s Jun-B (and GFP, green uorescent protein) by retroviral gene transfer were sorted for high levels of GFP expression 2 days postinfection, and analysed following a 4 ± 6 day expansion period. A/s Jun-B-transduced cells exhibited a signi®cant and speci®c decrease in levels of Jun-B protein (Figure 4a ). High level of Jun-B that characterize Hoxb4 cells is essential for their increased proliferative activity, as indicated by comparable proliferation rates determined for the a/s Jun-B Hoxb4 and control Rat-1 cells (Figure 4b ). Decrease in available Jun-B protein had also a pronounced eect on the anchorage independent growth of Hoxb4 cells, as the colony forming ability of a/s Jun-B-transduced Hoxb4 cells decreased by more than 10-fold compared to the starting cell population (Figure 4c) .
Similarly, high levels of Fra-1 were essential for the enhanced proliferative activity and anchorage independent growth of Hoxb4 cells (Figure 4e ,f). Transduction of control Rat-1 cells with a/s Fra-1, which had no eect on proliferation rates of these cells, resulted in a slightly enhanced expression of the highly related c-Fos protein (Figure 4d ), suggesting that c-Fos might compensate for the reduction in Fra-1 levels in control cells. In contrast, c-Fos expression was further reduced in a/s Fra-1 Hoxb4 cells (see also c-Fos levels in Figure  2 ), indicating that this Fos protein could not replace Fra-1 in the maintenance of the`Hoxb4 phenotype'. Results of these experiments thus suggested that high levels of Jun-B and Fra-1 are indispensable for the Hoxb4-induced alterations in proliferation of Rat-1 cells.
Overexpression of Jun-B and Fra-1 mimics the Hoxb4-induced alterations in proliferation
To determine whether overexpression of Jun-B and/ or Fra-1 could reproduce the proliferative changes that characterize Hoxb4 cells, Rat-1 cells were engineered to over-express Jun-B, and/or Fra-1 using VSV pseudotyped recombinant retroviruses carrying Jun-B or Fra-1 cDNA in sense orientation, and GFP or YFP (yellow¯uorescent protein), respectively. This approach resulted in 95 ± 100% of singly and doubly transduced cells during 2-day infection period, as judged by proportions of GFP (Figure 5c ), albeit in both conditions their eciency was slightly lower than that determined for Hoxb4 cells. Overexpression of Jun-B or Fra-1 alone was, in contrast, not sucient to increase the growth rates of Rat-1 cells (Figure 5b ). These results thus further supported our model predicting that high levels of Jun-B and Fra-1 might be sucient to generate the Hoxb4-associated hyperproliferative phenotype.
Involvement of Jun-B and Fra-1 in Hoxb4-induced regulation of cyclin D1 promoter activity Exponentially growing Hoxb4 cells were characterized by a decrease in proportion of G 1 cells and an increase in S and G 2 /M populations compared to Rat-1 cells (Figure 6a) , and the accelerated G 1 progression correlated well with an increase in cyclin D1 protein levels (Figure 6b ). Since cyclin D1 represents a downstream AP-1 target (Albanese et al., 1995; Herber et al., 1994; Mechta et al., 1997) we postulated that Fra-1 and Jun-B might be eectors of the Hoxb4-associated increase of cyclin D1 expression. To explore this possibility, the capacity of Jun-B, Fra-1 and Hoxb4 to activate expression of a luciferase reporter gene under the control of the cyclin D1 promoter (Figure 6c ) was examined. As previously reported (Albanese et al., 1995) , activity of cyclin D1 promoter greatly depended on an intact AP-1 binding site (schematically in Figure  6c ), as mutation of the TRE element in cyclin D1 promoter (CD-Luc mt ) decreased the basal reporter activity 2 ± 3-fold compared to the wild-type promoter (CD-Luc WT , Figure 6d , lanes 1 and 6). CD-Luc WT reporter activity in Rat-1 cells was further enhanced by co-overexpression of Jun-B and Fra-1 (Figure 6d , compare lanes 6 and 9). The combined transactivation potential of these two transcription factors was slightly higher, albeit not statistically dierent, than that determined for Hoxb4 alone (Figure 6d, lanes 9 vs  10) . Failure of activation of CD-Luc WT reporter activity by Fra-1 overexpression (Figure 6d , lanes 6 vs 8) is in agreement with the absence of transactivation function reported for this Fos protein (Bergers et al., 1995) . The Hoxb4-associated increase in cyclin D1 expression thus likely resulted from the increase in activity of Jun-B, and Jun/Fra-1 proteins. In agreement with requirement for high levels of Jun-B and Fra-1 for the enhanced proliferative activity and anchorage independent growth of Hoxb4 cells (Figure 4 ), CD-Luc WT reporter activity in Hoxb4 cells was suppressed to or even below levels determined for control Rat-1 cells when a/s Jun-B, or a/s Jun-B and Fra-1 were co-transfected ( Figure  6e , compare lanes 7 to 8 and 10). In contrast with the absence of the Fra-1 mediated transactivation of CD- reporter, a/s Fra-1 suppressed the Hoxb4-associated increase in cyclin D1 promoter activity (Figure 6e, lanes 7 vs 9) , likely by decreasing the levels of endogenous Fra-1 (Figure 4d ). Together, these results support our model predicting that Jun-B and Fra-1 represent eectors of the Hoxb4-induced increase in cyclin D1 expression and, as a direct consequence, of cellular proliferation.
Through this study, we have thus identi®ed selected members of the AP-1 family as functional eectors of Hoxb4-induced proliferative activity and transformation of Rat-1 cells. Results presented in this report also indicated that the detected increase in AP-1 expression and DNA binding resulted in elevated levels of cyclin D1 expression, and suggest that this cell cycle regulator represents a key eector of the proliferative activity of Hoxb4 (and possibly also other Hox proteins).
Discussion
The results presented in this study thus indicate that Jun-B and Fra-1 are key mediators of the prolferative changes induced by Hoxb4 in Rat-1 cells. In addition, the changes in expression levels of the AP-1 proteins induced by overexpression of Hoxb4 are accompanied by an increase in the levels of cyclin D1 which may also contribute to the G 1 shortening that characterized Hoxb4 cells. Our observations thus point to a molecular mechanism which possibly underlies the Hox-induced changes in proliferation that characterize various human and mouse tissues, where aberrant Hox gene expression has been associated with tumor growth (Borrow et al., 1996; De Vita et al., 1993; CareÂ et al., 1996; Cillo, 1994; Friedmann et al., 1994) or hypoplasia (Chen and Capecchi, 1999; .
Jun-B expression is regulated by Ets/Ets, AP-1/Ets and CRE binding sites in the promoter (Amatto et al., 1996; Coer et al., 1994; McCarthy et al., 1997) and transcriptional regulation of Fra-1 depends largely on an AP-1 responsive enhancer in the ®rst intron of the gene (Bergers et al., 1995) . Our inability to detect bona ®de Hox or Hox/Pbx DNA-binding sites in the proximal regulatory regions of Jun-B and Fra-1 suggests that Hoxb4 may regulate the expression of these transcription factors indirectly, possibly by attenuating the activity of upstream regulators of these two genes. There is also a growing body of evidence suggesting that Hox/Pbx dimers interact directly with CBP/p300 (Asahara et al., 1999; Chariot et al., 1999) . This co-activator interacts with a number of proteins involved in regulation of cellular proliferation and survival, including CREB and AP-1 (Snowden et al., 1998) , and could represent an adapter between the distal Hox/Pbx binding sites and ATF/CREB or AP-1 responsive regulatory elements, including Jun-B, Fra-1 and cyclin D promoters.
Correlation between the Hoxb4-induced alterations in proliferation and changes in AP-1 composition and binding activity that we detected in Rat-1 cells is likely neither Hox gene nor cell type speci®c. Increases in the proliferative activity and AP-1 expression and DNA binding were also determined for the Hoxb3-and Hoxa9-transduced Rat-1 cells and unpublished observations) . Hoxa9, moreover, also enhanced the proliferation rates of growth factor dependent hemopoietic cell lines (Kroon et al., 1998) and hemopoietic stem cells in vivo (Mamo et al., 1999) , and increases in Hoxc8 and Hoxd4 levels were reported to induce hyperproliferation of immature chondrocytes (Yueh et al., 1998) .
Elevated levels of Jun-B and Fra-1 are likely not unique to Hox protein activity, as Vallone et al. (1997) demonstrated that neoplastic transformation of rat thyroid cells by v-mos or Ki-Ras correlates with HMG1-C-dependent induction of Jun-B and Fra-1, and Ha-Ras-mediated transformation of NIH3T3 cells was shown to induce a signi®cant increase in Jun-B and c-Jun, as well as Fra-1 and Fra-2 protein levels (Mechta et al., 1997) . Jun-B was, however, not capable of transforming primary rat embryo ®broblasts, and inhibited the oncogenic collaboration between c-jun and Ha-Ras (SchuÈ tte et al., 1989) . Similarly, induction of p16
INK4a and premature onset of senescence was reported for Jun-B-transduced primary mouse ®bro-blasts (Passegue et al., 2000) , suggesting that stimulatory and suppressive functions of Jun-B strongly depend on cellular context.
The results presented in Figure 4 indicated that Jun-B and Fra-1 are important mediators of Hoxb4-induced changes in Rat-1 cells proliferation (and anchorage independent growth). However, it appears that Rat-1 cells engineered to express comparable levels of Jun-B and Fra-1 as those found in Hoxb4 cells (slightly higher for Jun-B and lower for Fra-1, Figure  4a ) did not perform as well as Hoxb4 cells in proliferation or in transformation assays ( Figure  4b,c) , thus raising the possibility that additional molecules may contribute to mediate this Hoxb4 eect. These might include other members of the AP-1 family (such as the low levels of c-Fos detected in Hoxb4 cells) or other genes (or gene products that Hoxb4 might interact with). The genetic interaction previously reported for Hoxb4 and Pbx1 in Rat-1 ®broblasts as used our studies did not translate into additional increase in Jun-B and Fra-1 protein levels (Figure 2c ), or enhanced AP-1-mediated DNA binding (data not shown). This observation suggest that the synergism between Hoxb4 and Pbx1 likely activates additional Pbx or Pbx/Hox dependent pathways leading to enhanced proliferation, and transformation of permissive cells.
Another intriguing observation illustrated in Figure  4 is the importance of Fra-1 levels for the Hoxb4-induced proliferation and anchorage independent growth. Indeed a partial reduction in Fra-1 levels by the antisense vector resulted in a major decrease in proliferation and growth in soft agar of Hoxb4 cells. This is most interesting considering that the a/s Fra-1 could not completely inhibit the Hoxb4-induced activity on the cyclin D1 promoter thus suggesting that other Fra-1 targets may be involved.
This work thus conclusively establishes that in Rat-1 cells Jun-B and Fra-1 are essential mediators of cell cycling induced by high levels of Hoxb4, and thus provide a possible molecular basis for Hox-induced cancers. Furthermore, the link between the preferential expression of endogenous Hox gene products in primitive and/or cycling cells (CareÂ et al., 1994; Quaranta et al., 1996; Salser and Kenyon, 1994; Sauvageau et al., 1994; Yueh et al., 1998; Zakany and Duboule, 1996) and the cell cycle regulating machinery as presented in our study thus raises an intriguing possibility that Hox proteins may act as bona ®de regulators of cellular proliferation, whose contribution to growth is restricted by the cell lineage and dierentiation stage-speci®c pattern of expression.
Materials and methods
Cell lines
Generation of the Hoxb4-transduced Rat-1 cells was described previously . Parental Rat-1 cells and Hoxb4 cells and their derivatives were maintained in MEM supplemented with 10% calf serum (CS). The ecotropic retrovirus packaging BOSC-23 cells were maintained in GPT selective medium as described and amphotrophic packaging cells 293 GPG in DMEM supplemented with 10% heat inactivated fetal calf serum, 1 mg/ml tetracyclin, 0.3 mg/ml G-418 and 2 mg/ml of puromycin. All media components were purchased from GIBCO (GIBCO Life Technologies, Burlington, Ontario, Canada).
Generation of retroviral vectors
A 1.6 kb EcoRI fragment encompassing mouse Jun-B cDNA was subcloned in sense and antisense orientation into EcoRI site of MSCV PGK-GFP upstream of the PGK cassette, such that the expression of the cDNA is under control of the retroviral 5' LTR. To generate MSCV Hoxb4(N 51 A) IRES ± GFP vector, a 1.1 kb EcoRI ± PstI hoxb4 cDNA carrying point mutation in the homeodomain was blunted and subcloned into HpaI site of MSCV IRES ± GFP vector. Retroviral vector carrying Hoxa9 cDNA was generated by subcloning a 1.1 kb Hoxa9 cDNA into EcoRI of MSCV PGK ± GFP. To create MSCV PGK ± YFP retroviral vector, a 730 bp NcoI ± ClaI fragment encoding YFP (pEYFP-N1, Clontech, CA, USA) was subcloned between NcoI ± ClaI sites of MSCV2.1 vector. To generate retroviral vectors carrying Fra-1 cDNA in sense and antisense orientation, a 1.4 kb rat Fra-1 cDNA was subcloned into EcoRI site of MSCV2.1 PGK ± YFP.
Viral production, infection and selection of the transduced cells
The plasmid DNA was transfected into BOSC-23 and 293 GPG packaging cells by calcium phosphate precipitation, and virus-containing supernatants were collected 40 and 64 h later. Rat-1 and Hoxb4 cells were infected as described , and cultured for an additional 3 days in MEM with 10% CS. Following infection with ecotropic virus carrying a/s Jun-B cDNA and a/s Fra-1, the transduced, GFP-or YFP-expressing cells were sorted using FAC StarPlus equipped with 488 nm argon laser. All experiments were performed within 10 ± 12 days after infection, using polyclonal populations comprising 485% GFP-positive cells. Infections with amphotropic, VSV pseudotyped recombinant retroviruses produced by 293 GPG cells resulted in 95 ± 100% transduction of target cell populations as determined by FACS analysis of GFP (for sense Jun-B-transduced) and YFP (for sense and a/s Fra-1-transduced cells) expression, such that no additional selection was required.
Western blot analysis
Total cellular extracts and nuclear extracts were prepared as described Vallone et al., 1997) . One hundred mg of total cellular extracts, or 50 mg of nuclear fractions were separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS ± PAGE), transferred to Immobilon P membranes (Millipore, Bedford, MA, USA), and subjected to Western blot analyses as described . All primary antibodies, except Hoxb4 antiserum, were purchased from SantaCruz Biotech (SantaCruz, CA, USA). The bound antibodies were detected using horseradish peroxidase conjugated anti-rabbit (Sigma, St. Louis, MO, USA) or anti-goat antibodies (SantaCruz Biotech, SantaCruz, CA, USA), followed by enhanced chemiluminiscence (ECL, Amersham, Arlington Heights, IL, USA). Between blots, membranes were stripped by incubation in 100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-Cl pH 6.7 at 508C for 30 min.
Electrophoretic mobility shift assays (EMSA)
For antibody supershift analysis, aliquots of nuclear extracts were preincubated with 0.5 mg of speci®c antibodies for 2 h at 48C prior to the addition of double stranded 32 P-labeled probe as described (Vallone et al., 1997) . The oligonucleotide was an AP-1 consensus site from human collagenase promoter 5'-TTC CGG CTG ACT CAT CAA GCG-3' (Lee et al., 1987) . DNA-protein complexes were resolved on 6% native polyacrylamide gels (19 : 1 in 0.56TBE; 16TBE=89 mmol/l Tris, 89 mmol/l boric acid, 1 mmol/l EDTA).
Proliferation, soft agar assays and cell cycle analysis
To determine growth rates of exponentially growing parental and GFP-or YFP-expressing (i.e. a/s Jun-B-and a/s Fra-1-transduced) Rat-1 and Hoxb4 cells, triplicate cultures were initiated by plating 2610 5 cells/10 cm dish in MEM supplemented with 10% CS. After 4 days of growth, cells were trypsinized and counted using hemacytometer. To determine growth rates of cells engineered to over-express Jun-B, or Fra-1, or Jun-B and Fra-1, triplicate cultures were initiated with 5610 4 cells/6 cm dish and 2610 4 cells/10 cm dish, and cells were counted after 3 and 6 days of growth, respectively. Soft agar asssays and cell cycle analyses were performed as described .
Transfections and transactivation assays
Cyclin D1 reporter plasmids (kindly provided by Dr R Pestell, Albert Einstein Cancer Center, NY, USA) encode a luciferase gene under control of a 964 bp fragment of human cyclin D1 promoter with (CD-Luc WT ) or without (CD-Luc mt ) functional AP-1 binding site. Expression vectors encoding Jun-B or Fra-1 in sense and antisense orientation were MSCV-based retroviral vectors described above. Construction of MSCV Hoxb4 PGKneo vector was described previously . For transfection experiments, a total of 2 ± 2.2 mg of DNA including 0.4 mg of CMV bgalactosidase plasmid (Clontech, Mississauga, Ontario, Canada) was transfected into cells grown in 3 cm dishes (Becton Dickinson, Franklin Lakes, NJ, USA) using SuperFect reagent (Quiagen, Mississauga, Ontario) following recommendations of manufacturer. In all experiments, the total amount of the transfected DNA was kept constant using empty MSCV-GFP vector as a ®ller. Forty-eight hours after transfection, cells were lysed and analysed for luciferase and b-galactosidase activity as previously described (Zappavigna et al., 1994) .
DNA analysis
Genomic DNA was isolated using DNA zol reagent (GIBCO Life Technologies, Burlington, Ontario). Southern blot analyses were performed as described (Kroon et al., 1998) . The probes used were 700 bp PstI ± ClaI fragment of MSCV2.1 PGKneo (neo'), and a 1.4 kb erythropoietin receptor cDNA.
